Enrichment of neonatal rat cardiomyocytes in primary culture facilitates long-term maintenance of contractility in vitro. Am J Physiol Cell Physiol 303: C1220 -C1228, 2012. First published August 29, 2012; doi:10.1152/ajpcell.00449.2011.-Long-term culture of primary neonatal rat cardiomyocytes is limited by the loss of spontaneous contractile phenotype within weeks in culture. This may be due to loss of contractile cardiomyocytes from the culture or overgrowth of the non-cardiomyocyte population. Using the mitochondria specific fluorescent dye, tetramethylrhodamine methyl ester perchlorate (TMRM), we showed that neonatal rat cardiomyocytes enriched by fluorescence-activated cell sorting can be maintained as contractile cultures for long periods (24-wk culture vs. 2 wk for unsorted cardiomyocytes). Long-term culture of this purified cardiomyocyte (TMRM high) population retained the expression of cardiomyocyte markers, continued calcium cycling, and displayed cyclic electrical activity that could be regulated pharmacologically. These findings suggest that non-cardiomyocyte populations can negatively influence contractility of cardiomyocytes in culture and that by purifying cardiomyocytes, the cultures retain potential as an experimental model for longitudinal studies of cardiomyocyte biology in vitro.
cardiomyocyte; tetramethylrhodamine methyl ester perchlorate; enrichment; contractility CARDIOVASCULAR DISEASE is a leading cause of morbidity and mortality in the world (21) . The ongoing pandemic of cardiovascular disease has fueled much basic science research to achieve a better understanding of the pathophysiological function of cardiomyocytes (CMs) and for effective strategizing of potential therapies. Cell cultures of cardiomyocytes are commonly used in vitro model for investigation at a cellular level. Primary cardiomyocytes have been successfully isolated from hearts of a range of species [e.g., mouse (16) , rat (4), guinea pig (15) , rabbit (12) , cat (31) , and human (27) ] using a simple enzymatic method and maintained as primary cultures for a short duration (13) .
Neonatal rat CM cultures have been widely employed as a cost-effective experimental model to study the contractility, electrophysiology, and morphology of CMs. CMs from postnatal hearts do not normally proliferate in culture (30) , thus limiting the number of CMs available to the starting material. Long-term primary cultures of CMs are rarely reported in the literature; generally experimental time frames are limited to 2-3 wk. Previous studies have shown that neonatal CMs lose their contractile phenotype within weeks in culture and that this is associated with CM dedifferentiation and cytoskeleton remodeling (3, 26) . One potential reason for this could be the cellular heterogeneity of the heart, containing both contractile CMs and noncontractile cells such as fibroblasts, endothelial cells, and smooth muscle cells. The noncontractile cells, especially fibroblasts, can proliferate rapidly in culture and typically overgrow CMs to a point where it is believed that they can inhibit CM contractions (20) and cause CM dedifferentiation (8, 9) through a yet to be determined mechanism. Therefore, eliminating the non-CM populations in primary heart isolates may be important to ensure viable long-term primary CM cultures (32) .
Different methods have been presented to enrich CMs. One such method is based on the differential attachment properties of the cells, whereby non-CMs attach faster onto culture plates compared with CMs. Hence CMs can be enriched through a pre-plating step to remove the adherent non-CMs (5) . Percoll gradients have also been employed to remove non-CMs that have lower density compared with CMs (20, 37) . However, the purity of CM enriched with these two methods is not high enough to exclude the contaminating non-CMs (mainly fibroblasts), which will eventually overgrow the culture plate. Inhibitors of proliferation such as 5-bromodeoxyuridine (32) and cytosine-␤-D-arabinofuranoside (29) have been supplemented into culture media to inhibit non-CM proliferation; however, these chemical compounds are cytotoxic and impose a risk of mutagenesis, limiting their usefulness in long-term culture of CMs.
Mitochondrial density is a potential biomarker for CMs that contain high proportions of mitochondria to match their high energy demands compared with other cell types. By staining with mitochondria-specific fluorescent dyes, CMs can be recognized amongst mixed populations and sorted on the basis of fluorescence intensity. Previously, tetramethylrhodamine ethyl ester perchlorate (TMRE) staining of rat embryo hearts followed by fluorescence-activated cell sorting (FACS) had identified two fractions, a highly fluorescent population containing CMs and a low fluorescent population containing noncontractile cells (19) . Similarly, Hattori et al. (14) showed that tetramethylrhodamine methyl ester perchlorate (TMRM) could be used to differentially label and efficiently purify viable CMs from various sources, including embryonic and neonatal rat hearts as well as mouse and human pluripotent stem cellderived CMs.
In the present study, we hypothesized that neonatal rat CMs could be efficiently enriched using TMRM staining to establish long-term culture of contractile CMs. We show that, once rat heart isolates were purified, CMs retained their contractility for at least 24 wk in culture compared with 2-wk contractility for unsorted heart isolates. These long-term cultured CMs dis-played similar structural and protein properties to freshly isolated CMs, demonstrated the ability to cycle calcium within and between neighboring cells as well as showed extracellular field potential responses to pharmacological agents.
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MATERIALS AND METHODS
Animals and materials.
All animal procedures were conducted in accordance with the Australian National Health and Medical Research Council guidelines for the care and use of animals for scientific purposes and were approved by the Animal Ethics Committee of St. Vincent's Hospital (Melbourne, VIC, Australia). Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Primary culture of neonatal rat cardiomyocytes. CMs were isolated enzymatically from 1-to 3-day-old Sprague-Dawley rat ventricles using a neonatal cardiomyocyte isolation system (Worthington Biochemical, Lakewood, NJ) as described previously (6) . Isolated CMs were seeded onto cell culture plates precoated with 10 g/ml of fibronectin and cultured in medium (CM media) containing DMEM-F-12 with HEPES (Invitrogen, Carlsbad, CA), 5% horse serum, 1% antibiotic-antimycotic solution (Invitrogen), 3 mM pyruvic acid, 2 mg/ml bovine serum albumin, 100 g/ml ampicillin, insulin-transferrin-selenium solution (20 ng/ml, 11 ng/ml, 13.4 pg/ml respectively; Invitrogen), 5 g/ml linoleic acid, and 100 M ascorbic acid at 37°C in a humidified atmosphere containing 5% CO 2. For all experiments, cells were cultured at 5 ϫ 10 4 cells/cm 2 unless otherwise stated. Fluorescence-activated cell sorting. Primary neonatal rat heart isolates were enriched for CMs using a modification of a previously published method (14) . We found that TMRM staining of freshly isolated CMs in cell suspension in serum-free Ads buffer (116 mM NaCl, 20 mM HEPES, 12.5 mM NaH 2PO4, 5.6 mM glucose, 5.4 mM KCl, and 0.8 mM MgSO4; pH 7.35) as described by Hattori et al. (14) resulted in low cell viability following FACS. To minimize cell death, isolated CMs were seeded on fibronectin-coated plates and cultured for 1-3 days at a cell density of 1 ϫ 10 5 cells/cm 2 in CM media. Staining media [phenol red-free DMEM-F-12 with HEPES (Invitrogen), 5% horse serum, 1% antibiotic-antimycotic solution, 3 mM pyruvic acid, 2 mg/ml bovine serum albumin, 100 g/ml ampicillin, insulin-transferrin-selenium solution (20 ng/ml, 11 ng/ml, 13.4 pg/ml respectively; Invitrogen), 5 g/ml linoleic acid, 100 M ascorbic acid, and 10 nM TMRM (Invitrogen)] was then added for 30 min at 37°C in a humidified atmosphere containing 5% CO 2. Cells were then washed with PBS, trypsinized, resuspended in serum-free staining media, and filtered through a 40-m nylon mesh into 5 ml FACS tubes (BD Bioscience Falcon, Franklin Lakes, NJ). FACS was performed using a FACSAria machine (BD Bioscience) with a 100-m nozzle (to minimize shear stress) and 515-545 and 556 -601 nm band-pass filters. TMRM was excited by a 488-nm laser, and singlets with low green (to minimize autofluorescence) and high red fluorescence were selected. TMRM high and low fractions were collected (see Fig. 2A ) and used for further experiments. Cell viability was determined by Trypan blue staining.
Quantitative assessment of contraction frequency. Cells were maintained at 37°C on a heated plate (ThermoPlate, Tokai Hit, Shizuokaken, Japan) during assessment of contraction frequency. Three contracting fields of each sample were chosen at random, and beat frequency was counted for 30 s for each field under microscope at 100 times magnification. Contraction rate is expressed as average number of beats per minute.
Immunofluorescent staining. Cells were washed with PBS, fixed with ice-cold 100% methanol for 10 min, and incubated with a serum-free blocking solution (Thermo Fisher Scientific, Waltham, MA). Cells were then incubated in primary antibodies at 4°C overnight followed by secondary antibodies for 30 min at room temperature. Cells were counterstained with 1 g/ml of DAPI (Invitrogen) and mounted, and images were taken using a fluorescence microscope (Olympus BX-61 microscope, Tokyo, Japan).
For quantitative assessment, cells were trypsinized and 5 ϫ 10 4 cells were placed onto coated glass slides (Cytotrager, Waldsolms, Germany) with a CytoSpin 4 Cytocentrifuge (Thermo Fisher Scientific) at 1,000 rpm for 4 min. Cells were then fixed and immunostained as described above. Images were taken using a fluorescence microscope, and at least 500 cells were counted. Microelectrode array recordings. Electrophysiological properties of CM were assessed using a microelectrode array (MEA) recording system (Multichannel Systems, Reutlingen, Germany). TMRM high cells were plated on fibronectin-coated MEA plates and cultured for 8 wk in CM media. To assess the pharmacological responsiveness of long-term cultured purified CMs, CM media were replaced with Krebs buffer (in mM: 125 NaCl, 20 HEPES, 5 KCl, 1 Na 2HPO4 1 MgSO4, 5.5 glucose, and 1.5 CaCl2, pH 7.4) and were treated with increasing doses of isoproterenol hydrochloride (1 to 1,000 nM) and carbamylcholine (1 to 1,000 nM). Extracellular recordings were performed at baseline and at 2 min after drug addition.
Calcium imaging. Intracellular free Ca 2ϩ imaging was performed in cells loaded with the fluorescent Ca 2ϩ indicator fluo-4 AM (Invitrogen). Cells were incubated with 2 g/ml of fluo-4 AM for 20 min in Krebs buffer. Fresh Krebs buffer was added and monochrome images were captured (15 frames per second) on an inverted microscope (IX71, Olympus, Tokyo, Japan) with a fluorescence source (X-Cite 120Q, Lumen Dynamics, ON, Canada) and a digital camera (DP72, Olympus, Tokyo, Japan). Fluo-4 fluorescence was visualized with a 492-nm excitation beam (excitation filter BP492/18 with a xenon light source) and calcium transients were demonstrated by changes in the intensity of an area of cell cytoplasm tracked over successive frames using ImageJ software (NIH, Bethesda, MD).
Western blot analysis. Protein samples were extracted from Buffer RLT lysates obtained with an RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. Samples were resuspended in 8 M urea, and protein concentration was quantified using the Bradford protein assay (Bio-Rad, Hercules, CA). Protein (10 g) was fractionated by sodium dodecylsulfate-polyacrylamide gel electrophoresis (NuPAGE, 4%-12% Bis-Tris gels; Invitrogen) and was transferred to a Hybond-P PVDF membrane (GE Healthcare, Chalfont, St. Giles, UK) by electroblotting (Xcell II Blot Module; Invitrogen). The membrane was blocked with Tris-buffered saline (TBS) containing 5% nonfat dry milk and 0.05% Tween 20 for 30 min and then incubated overnight at 4°C with the primary antibodies. The primary antibodies used were against troponin I (1:5,000; clone C5, Millipore), vimentin (1:1,000; Abcam), and GAPDH (1:10,000; clone 6C5, Millipore). After three washes of 10 min in TBS-Tween, bound primary antibodies were detected by incubating for 30 min with Alexa Fluor 680 goat anti-mouse IgG (1:10,000; Invitrogen) or Alexa Fluor 680 goat anti-rabbit IgG (1:10,000; Invitrogen). The membrane was washed and imaged for quantification using an Odyssey infrared imaging system (Li-Cor Bioscience, Lincoln, NE) at the 700-nm wavelength channel. Protein band intensity was determined by com-puterized densitometry using NIH ImageJ software and is expressed in arbitrary units after normalization to the GAPDH signal intensity.
Statistical analysis. Data are expressed as means Ϯ SE. The values were analyzed using one-way or two-way ANOVA followed by Bonferroni multiple-comparison post hoc analysis where appropriate, using GraphPad Prism software. A P value Ͻ0.05 was considered statistically significant.
RESULTS
Characterization of unsorted neonatal rat cardiomyocytes.
When unsorted, heart cell isolates were cultured over a 2-wk period, contractility was reduced from 163.5 Ϯ 22.8 beats/min at day 3 to 110.1 Ϯ 42.8 beats/min at day 7 and significantly further at day 14 (8.1 Ϯ 5.1 beats/min, P Ͻ 0.01; Fig. 1A) . Additionally, the percentage of cells expressing the contractile protein troponin I was reduced from day 3 (35.3 Ϯ 2.7%) to days 7 and 14 (15.8 Ϯ 3.6%, P Ͻ 0.05 and 17.4 Ϯ 6.5%, P Ͻ 0.05, respectively; Fig. 1B) . Conversely, the percentage of vimentin-positive cells was increased from day 3 (40.0 Ϯ 2.9%) to days 7 and 14 (74.8 Ϯ 5.1%, P Ͻ 0.05 and 72.6 Ϯ 9.2%, P Ͻ 0.05, respectively; Fig. 1C ). The percentage of proliferating cells, determined by Ki67 staining, remained constant over the 2-wk culture period (24.9 Ϯ 2.3%, 22.2% Ϯ 2.5%, and 20.0 Ϯ 2.0% at days 3, 7, and 14, respectively; Fig.  1D ). Western blot analysis showed similar reduction in troponin I expression (Fig. 1E) and increase in vimentin expression (Fig. 1F) from day 3 to days 7 and 14 .
Characterization of TMRM-sorted neonatal rat cardiomyocytes. When FACS was conducted on TMRM-stained heart cell isolates, there were two distinct populations of viable cells, which we termed TMRM high and TMRM low. The percentages of gated viable TMRM high and low cells obtained were 25.8 Ϯ 3.3% and 54.2 Ϯ 4.6%, respectively ( Fig. 2A) . Trypan blue staining indicated 68.3 Ϯ 12.5% (n ϭ 3) and 70.5 Ϯ 8.6% of cells viable in TMRM high and low fractions, respectively. In contrast, the TMRM-negative population consisted mainly of dead cells (67.4 Ϯ 12.3%) and red blood cells. Following FACS, TMRM high cells maintained consistent and synchronous contractility over an extended period (162. Fig. 2B and Supplemental Video S1; Supplemental Material is available online at the Journal website). TMRM high cells cultured in serum-free media lost their spontaneous contractility within 7 days in culture (data not shown). Therefore, the spontaneous contractility of TMRM high cells was dependent on the presence of horse serum and BSA in the culture media. When plated at lower cell density (2.5 ϫ 10 4 cells/cm 2 ), TMRM high cells continued spontaneous contractions but at lower frequency. The contractility was gradually reduced over time in culture (79.7 Ϯ 18.2 and 48.6 Ϯ 11.6 beats/min at days 7 and 14, respectively). Fig. 2 . Characterization of tetramethylrhodamine methyl ester perchlorate (TMRM)-sorted cardiomyocytes. A: FACS of TMRMlabeled neonatal rat heart isolates revealed three distinct populations, TMRM high, TMRM low, and TMRM negative, which corresponded to the level of fluorescence intensity. B: contractility was observed only in TMRM high cells and was consistent over an extended period of 168 days (n ϭ 4). C-J: representative images of TMRM high (C-F) and TMRM low (G-J) cultures on day 1 (C and G), 7 (D and H), 56 (E and I), and 168 (F and J). TMRM high cells became confluent and enlarged with multiple processes while TMRM low cells were noncontractile and exhibited fibroblastic morphology. Scale bar, 100 m. PE-A, perchlorate acid.
Over the 168-day culture period, TMRM high cells elongated, enlarged, and developed multiple processes and cultures reached confluence with no obvious signs of overgrowth (Fig.  2, C-F) . From day 56, some areas of TMRM high cultures ceased to contract (Supplemental Video S1). On the other hand, TMRM low cells showed no evidence of contractility throughout the 168-day culture period. TMRM low cells also became elongated and proliferated extensively, such that in later cultures the layers of cells often detached from the plate owing to overconfluence (Fig. 2, G-J) .
Quantitative analysis showed that TMRM high cultures consisted of a high proportion of troponin I-positive cells throughout the 2-wk culture period (81.7 Ϯ 1.4%, 88.3 Ϯ 5.3%, and 84.1 Ϯ 2.8% at days 0, 7, and 14, respectively; Fig. 3A) . However, there was a gradual increase in vimentin-positive cells in the TMRM high cultures over the 2-wk period (1.5 Ϯ 0.9%, 36.2 Ϯ 7.7%, and 56.2 Ϯ 11.7% at days 0, 7, and 14, respectively; Fig. 3B ). In contrast, TMRM low cultures had consistently low levels of troponin I-positive cells (Fig. 3A) and high levels of vimentinpositive cells (Fig. 3B) . Additionally, 7.9 Ϯ 0.8% of TMRM high and 44.5 Ϯ 4.2% of TMRM low cells were positive for Ki67 at day 0. Western blot analysis demonstrated that TMRM high cells maintained a relatively higher level of troponin I compared with TMRM low cells, where troponin I was barely detectable at 0 and 8 wk of culture (Fig. 3,C and D) . TMRM low cells maintained significant vimentin expression throughout the 8-wk culture period (Fig. 3C) . In contrast, in TMRM high cells, vimentin expression was undetectable at week 0 but increased over time at week 8 ( Fig. 3, C and E) .
Immunofluorescence staining conducted on 8-wk cultures showed sarcomeric staining for muscle makers ␣-actinin, myosin heavy chain, sarcomeric actin, and troponin I, as well as the presence of the gap junction marker connexin 43 in TMRM high but not TMRM low cells (Fig. 4, A-J) .
Functionality of TMRM high cells in long-term culture. To examine whether long-term cultures of TMRM high cells maintained functional characteristics of CM, calcium imaging was performed with the fluorescent calcium indicator Fluo-4 AM. At 8 wk, there were prominent oscillations of fluorescence intensity both within cells and through neighboring cells. In addition, some cells appeared to initiate the cycling of calcium and this was propagated to adjacent cells (Fig. 5B and Supplemental Video S2). Synchronicity of calcium cycling between cells indicated viability of cell-to-cell communication mechanisms. Calcium cycling was also evident after 24-wk culture of TMRM high cells (Fig. 5C) . TMRM low cells on the other hand showed no oscillations of fluorescence intensity (data not shown).
Another important feature for functional CMs is their electrophysiological properties and their ability to respond to chronotropic agents. To this aim, TMRM high cells were cultured on a microelectrode array plate (Fig. 5D ) and changes in field potentials following application of positive and negative chronotropic agents were evaluated by microelectrode array at 8 wk. Long-term culture of TMRM high cells showed a significant dose-dependent increase in spontaneous beating frequency when treated with the ␤-adrenergic agonist isoproterenol (Fig. 5, E and G) . Meanwhile, addition of the cholin- I; D) . Boxes outline the fields that were enlarged to show details of striation pattern. Additionally, there was prominent staining for the gap junction marker connexin 43 between adjacent cells (arrows; E). In contrast, TMRM low cells showed only filamentous staining for ␣-actinin (F) and sarcomeric actin (H) and were negative for myosin heavy chain (G) and connexin 43 (J). Troponin I staining of TMRM low cells was nonspecific and lacked sarcomeric striations. Scale bar, 100 m.
ergic agonist carbachol decreased the beating frequency in a dose-dependent manner, with an arrest in spontaneous beating at 1,000 nM (Fig. 5, F and H) . Furthermore, the beating frequency returned to baseline levels following drug removal. In addition, TMRM high cells were responsive to field stimulation where beating frequency was increased after being subjected to 30 s of electric stimulation.
DISCUSSION
The major finding of the present study is that viable neonatal rat CMs can be enriched for long-term culture on the basis of their high TMRM uptake. These enriched CMs were able to maintain spontaneous contractility for at least 24 wk in twodimensional (2D) cultures. Long-term cultures of TMRM high cells displayed structural and protein phenotypes of functional CMs, demonstrated the ability to cycle calcium as well as showed extracellular field potential responses to chronotropic agents.
In the present study, primary neonatal rat heart isolates began to lose spontaneous contractility over a couple of weeks in culture. These findings support earlier reports that isolated CMs cultured under 2D conditions undergo dedifferentiation due to the loss of their native biochemical and mechanical environment (3, 26, 35) . The presence of non-CM cell types, such as fibroblasts, in the primary heart isolates has also been demonstrated to negatively affect CM contractility in 2D cul- ture (8, 9, 20) . Indeed, we observed a gradual reduction in troponin I-positive cells and increase in vimentin-positive cells over the 2-wk culture period. Thus we aimed to enrich CM with TMRM staining of mitochondria and FACS enrichment to overcome this limitation. Following FACS of TMRM-labeled rat heart isolates, we observed spontaneous contractility exclusively within the TMRM high population, confirming that contractile CMs can be specifically selected on the basis of viable mitochondria density. Importantly, a previous study by Hattori et al. (14) has indicated that TMRM dye is nontoxic to CMs and is retained in the cell for Ͻ24 h.
Long-term cultures of TMRM-enriched CMs were stained positive for cardiac markers including troponin I, myosin heavy chain, and gap junction protein connexin 43. More importantly, they were capable of maintaining synchronous contractions for at least 6 mo. This substantial culture period is distinctive compared with unsorted primary cultures, which in our hands typically ceased to contract around 2 wk of culture duration. Furthermore, the responsiveness of TMRM high culture to chronotropic agents at 8 wk of culture also suggested that TMRM-enriched CMs retained functional adrenergic and muscarinic receptor expression in long-term culture. It is important to note that although TMRM high populations were largely negative for vimentin markers immediately post sorting, we did observe a gradual increase in vimentin expression in the TMRM high population over time in culture. Whether this was the result of the emergence of myofibroblasts or fibroblasts, or dedifferentiation of cardiomyocytes (20) is unclear and awaits further development of unambiguous fibroblast markers or long-term cardiomyocyte dedifferentiation studies. Interestingly, we note that TMRM high cultures maintained their contractile phenotype in long-term culture despite the increase in vimentin expression. Further studies are needed to investigate the identity of subpopulations developing in long-term CM cultures.
It is important to note that the intensity of TMRM fluorescence was not solely dependent on mitochondrial density of a cell. TMRM accumulation within the inner mitochondrial matrix is also dependent on mitochondria membrane potential (21, 24, 28) . Therefore, opening of mitochondria permeability transition pore and mitochondria depolarization can result in a reduction in TMRM fluorescence (7, 10, 28) , and as a result, CMs being detected as TMRM low cells. These events could explain why a low percentage of troponin I-positive cells remained in the TMRM low population but with no obvious contraction.
The TMRM low cultures remained noncontractile throughout the long-term culture period, expressed negligible levels of cardiac troponin I, and lacked the sarcomeric staining pattern for myosin heavy chain, troponin I, and ␣-actinin. They mainly consisted of cardiac fibroblasts and myofibroblasts as suggested by the high percentage of vimentin-positive cells as well as filamentous staining of sarcomeric actin and ␣-actinin protein. Cardiac fibroblasts are the most abundant nonmyocytes in the heart (2) and have been shown to modulate cardiac contractile, electrophysiological, and chemical responses during cardiac development, as well as under various pathophysiological conditions (2, 33) . Because of the low postnatal proliferation levels for cardiomyocytes, the heart maintains a relatively constant number of myocytes, but the number of fibroblasts and other cell types can dramatically change (4). Hence, the maintenance of CMs in culture could be modulated by nonmuscle cells such as fibroblasts.
Previous studies have shown that excessive connective tissue and fibroblasts can act as a current sink for connected CMs, obstruct electrical excitation, and contribute to discontinuous conduction and arrhythmia (11, 18, 34) . Similarly, a recent study also reported that cocultures of CMs and myofibroblasts disrupted electrical coupling and field potential propagation between CMs (36). The exact mechanism remains unclear, but previous studies have suggested that nonmyocytes may release paracrine factors to obstruct electrical excitation (20, 25) or may physically interfere with neighboring CMs from cell-tocell contact (36) . On the other hand, other studies have suggested that cardiac fibroblasts have high membrane resistance and could act as conductors between CMs which normally would be electrically isolated by connective tissue (1, 23) . In the present study, we showed that CMs were able to maintain contractile phenotype for a longer period in culture when TMRM low cells were removed from CM cultures. Hence our findings appear to suggest that enriched CMs are important for long-term in vitro maintenance of functional and contractile CMs.
We show here that enriched populations of cardiomyocytes provide long-lived cultures, but several limitations may apply to their use. As discussed above, interactions between myocyte and nonmyocyte populations are important elements of some myocardial tissue functions, and so careful analysis of remixed populations may be important control elements for longer-term studies. Furthermore, the cells are known to display some hypertrophy (17) when grown in the serum which is necessary to maintain contraction in long-lived cultures. While this may give an opportunity to study hypertrophy in vitro, the mechanisms behind this phenomenon and its relevance to hypertrophy in vivo will require further study. It will, for example, be interesting to determine the mechanism of hypertrophy and whether the cells are responsive to additional hypertrophic stimuli (e.g., stretch, ␤-adrenergic stimulation) and interventions to reverse hypertrophy.
In conclusion, we have shown for the first time that neonatal rat CMs enriched with TMRM can maintain their contractile phenotype for at least 6 mo with elements of functional characteristics important for viable CMs, including calcium cycling and dose-dependent chronotropic responses to chronotropic agents. The potential applications of long-term primary neonatal CM cultures include 1) longitudinal studies of toxicology and drug discovery, allowing one to identify the potential long-term cardiotoxicity of new compounds with analysis of cell survival, electrophysiology, and genomic influence; 2) studies of the development and maturation of CMs, response to hypertrophic stimuli, and their reversibility; and 3) studies of the longer-term integration and electromechanical coupling of stem and progenitor cells with CMs for developing cell-based therapies.
